Due to the urgent need for new prostate cancer (PCa) therapies, the role of androgen receptor (AR)-interacting proteins should be investigated. In this study we aimed to address whether the AR coactivator nuclear receptor coactivator 1 (NCOA1) is involved in PCa progression. Therefore, we tested the effect of long-term NCOA1 knockdown on processes relevant to metastasis formation. [ 3 H]-thymidine incorporation assays revealed a reduced proliferation rate in AR-positive MDA PCa 2b and LNCaP cells upon knockdown of NCOA1, whereas AR-negative PC3 cells were not affected. Furthermore, Boyden chamber assays showed a strong decrease in migration and invasion upon NCOA1 knockdown, independently of the cell line's AR status. In order to understand the mechanistic reasons for these changes, transcriptome analysis using cDNA microarrays was performed. Protein kinase D1 (PRKD1) was found to be prominently up-regulated by NCOA1 knockdown in MDA PCa 2b, but not in PC3 cells. Inhibition of PRKD1 reverted the reduced migratory potential caused by NCOA1 knockdown. Furthermore, PRKD1 was negatively regulated by AR. Immunohistochemical staining of PCa patient samples revealed a strong increase in NCOA1 expression in primary tumors compared with normal prostate tissue, while no final conclusion could be drawn for PRKD1 expression in tumor specimens. Thus, our findings directly associate the AR/NCOA1 complex with PRKD1 regulation and cellular migration and support the concept of therapeutic inhibition of NCOA1 in PCa.
Introduction
Localized prostate cancer (PCa) can successfully be treated by prostatectomy and radiotherapy so that the cure is achievable. Androgen-deprivation therapy (ADT) remains the gold standard treatment for patients with locally advanced and metastatic disease. Although the treatment is initially successful, most patients progress within 2-3 years to castration-resistant PCa (Karantanos et al. 2013) . Mutation or overexpression of the androgen 23:6 receptor (AR) as well as AR coregulator up-regulation have been implicated in reactivation of the AR signaling pathway during ADT (Culig & Santer 2014) . AR mutations in the ligand-binding domain (LBD) and occurrence of truncated AR, which lack the LBD and are constitutively active (Karantanos et al. 2013) , compromise efficacy of the antiandrogens, as they were designed to target the LBD of the AR. Prolonged treatment of PCa cells with several antiandrogens may result in increased frequency of AR point mutations. Ligand-independent activation of the AR by interleukin-6 and ErbB2 may contribute to in vivo progression of PCa (Craft et al. 1999 , Malinowska et al. 2009 ). Thus, AR still remains the main target in PCa treatment in this progressed stage and there is a vigorous need for the development of new strategies to inhibit the AR via a different approach such as targeting AR interacting proteins, e.g. coactivators (Nakka et al. 2013) .
Coactivator proteins are recruited to a ligandbound receptor and thereby enhance its transcriptional activity (Powell et al. 2004) . So far, there are 300 known coactivators for nuclear receptors, including nuclear receptor coactivator 1 (NCOA1/SRC1), which is a member of the p160 nuclear receptor coactivator family. This protein family also contains two additional proteins NCOA2 (GRIP-1, SRC-2) and NCOA3 (AIB1, SRC-3). NCOA1 acts as a scaffold protein that houses a central nuclear receptor-interacting domain and two activation domains, which are located at the carboxy-terminus and flank a glutamine-rich region. This glutamine-rich region interacts with the amino-terminal part of the AR (Powell et al. 2004 ).
NCOA1 has already been shown to interact not only with nuclear receptors but also with nonsteroidal transcription factors, such as polyoma enhancer activator 3 (PEA3) (Qin et al. 2009 ) and Ets-2 (McBryan et al. 2012) . Moreover, NCOA1 has an important role in promoting metastasis, which was shown in genetically engineered breast cancer mouse models by Wang and coworkers (2009) .
In this study, we aimed to clarify the influence of NCOA1 in PCa metastasis formation. Using an RNAi approach to generate stable NCOA1 knockdown cell lines, we investigated the effect on migration and invasion as well as on differentially regulated genes, with particular interest on the effects in a castration-resistant cell line model. Migration and invasion assays revealed that NCOA1 is implicated in this process independently of the AR status of the cell lines. In addition, we can show that PRKD1 is a direct target of the AR/NCOA1 complex and negatively regulates migration. Our data suggest that specifically targeting NCOA1 could restore PRKD1 expression and reduce the migratory capability of tumor cells.
Materials and methods

Cell lines and reagents
The human PCa cell lines LNCaP FGC, VCaP, MDA PCa 2b, CWR22Rv1, PC3 and Du145 were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). All cell lines were grown and subcultured according to the recommendations of ATCC unless otherwise stated. LNCaP sublines LNCaP-IL6+ (Hobisch et al. 2001) and LNCaP-abl (Culig et al. 1999) were previously described. DuCaP cells were a kind gift from Prof. J A Schalken (Nijmegen, The Netherlands) and were grown in RPMI 1640 containing 10% (v/v) FCS (PAA Laboratories, Pasching, Austria), antibiotics (100 units/mL penicillin; 100 units/mL streptomycin) (Lonza) and 2 mM GlutaMAX (Life Technologies, Thermo Fisher). LAPC4 cells, kindly provided by Dr A Cato (Institute of Toxicology and Genetics, Karlsruhe, Germany), were cultured as mentioned previously (Santer et al. 2011) . HEK 293FT cells were purchased from Life Technologies and grown according to the manufacturer's protocol. Cell line authenticity was confirmed by short tandem repeat analysis in 2015 (Parson et al. 2005) . For experiments, all cell lines were seeded at subconfluent density in six-well plates. LNCaP and MDA PCa 2b cells were seeded onto poly-D-lysine hydrobromide (Sigma-Aldrich) precoated plates. Methyltrienolone (R1881) and enzalutamide (MDV3100) were obtained from Organon (Oss, The Netherlands) and Eurasia Chemicals (Mumbai, India), respectively, and dissolved in ethanol or DMSO, at appropriate stock solutions.
Generation of stable knockdown models
Cell lines with a stable knockdown of NCOA1 were generated by lentiviral-based transduction of shRNA vectors. In detail, two different sequence-verified shRNA lentiviral pLKO.1-puro plasmids targeting NCOA1 (shNCOA1#1; Clone ID: NM_003743.x-1939s1c1 and shNCOA1#2; Clone ID: NM_003743.x-4630s1c1) as well as a nonmammalian shRNA control plasmid (shCTRL; SHC002; pLKO.1-puro) were purchased from the RNAi consortium (Sigma-Aldrich). To produce lentiviral particles, HEK293FT cells were seeded at a density of 0.8 × 10 6 in six-well plates and cotransfected with 5 µg lentiviral 23:6 vector, 3 µg pVSV-G and 3 µg psPAX2 (both vectors were kindly provided by Prof. S Geley, Division of Molecular Pathophysiology, Medical University of Innsbruck) using Lipofectamine 2000 reagent (Life Technologies) on the next day. Virus containing supernatants were collected 48 and 72 h after transfection and filtered through a 0.45 µm filter. Target cells were infected with the virus containing supernatant in presence of 4 µg/mL Polybrene (SigmaAldrich) and selected with puromycin (1-2.5 µg/mL) (Sigma-Aldrich).
Cell lines with a stable knockdown of PRKD1 were generated with Invitrogen's BLOCK-iT system, using a blasticidin selection marker to allow selection in puromycin-resistant cells. Briefly, miR Select oligos (Hmi413641: miR-A; Hmi413642: miR-B) were purchased from Life Technologies and cloned into pcDNA 6.2-GW/EmGFP-miR expression vector. Next, the expression cassettes were shuttled via MultiSite Gateway recombination reaction into the pLenti6.4/R4R2/V5-DEST in combination with the pENTR5′/EF1αp vector. Cells were transduced by a lentiviral approach as described above and selected by 5 µg/mL blasticidin. All cell lines selected for stable integration of vectors were used as polyclonal mixture in subsequent experiments.
RNA isolation and quantitative real-time PCR
Quantitative real-time PCR was performed as described previously (Erb et al. 2013) . TaqMan gene expression assays for NCOA1 (Hs00186661_m1), PRKD1 (Hs00177037_m1), PLA2G7 (Hs00965837_m1), EIF5A2 (Hs00702673_s1), HMBS (Hs00609297_m1), FKBP5 (Hs01561006_m1), ADAMTS9 (Hs00965746_m1), FGF12 (Hs00912823_m1), CSF1 (Hs00174164_m1), MDK (Hs00171064_m1) and ITGA6 (Hs01041011_m1) were purchased from Life Technologies. Custom Taqman gene expression assays were synthesized by GenXpress: PSA (fwd, 5′-GTCTGCGGCGGTGTTCTG-3′; rev, 5′-TGCCGACCC AGCAAGATC-3′; probe, 5′-FAM-CACAGCTGCCCACTGC ATCAGGA-TAMRA-3′). TBP (fwd, 5′-CACGAACCACGGC ACTGATT-3′; rev, 5′-TTTTCTTGCTGCCAGTCTGGAC-3′; probe, 5′-FAM-TCTTCACTCTTGGCTCCTGTGCACA-TAM RA-3′) and HPRT1 (fwd 5′-GCTTTCCTTGGTCAGGC AGTA-3′; rev 5′-GTCTGGCTTATATCCAACACTTCGT-3′; probe, 5′-FAM-TCAAGGTCGCAAGCTTGCTGGTGAAAA GGA-TAMRA-3′). HPRT1, TBP and HMBS were used as endogenous controls as stated in the figure legends. ABI Sequence Detection Software was used to automatically determine the Ct values and gene expression was calculated using the ΔΔCt method.
Prostate-specific antigen (PSA) measurements
Cells were plated in six-well plates in normal growth medium. Next day, medium was changed and cells were grown for additional 48 h. The supernatant was harvested and the secreted PSA was measured with an immunoassay (Roche) on a cobas 8000 modular analyzer (Hitachi). Secreted PSA was normalized to total protein amount.
Western blot analysis
Cell lysis was done with RIPA Buffer (50 mM Tris-HCl (pH 7.3); 150 mM NaCl, 0.5% Na-Deoxycholat, 1% NP-40) and 50 µg total protein was loaded onto an SDS-PAGE (NuPAGE Novex 4-12% Bis-Tris Gels). Proteins were transferred onto nitrocellulose membranes with 0.45 µm pore size for 2 h at 30 V and 4°C with subsequent blocking in appropriate blocking buffers according to the manufacturer's protocol. The following primary antibodies were used: anti-NCOA1 (1:500, 128E7, Cell Signaling Technology), anti-GAPDH (1:50,000, MAB374, Millipore), anti-PRKD1 (1:200, D-20, Santa Cruz Biotechnology), anti-AR (1:500, N-20, Santa Cruz Biotechnology), anti-PSA (1:1000, D11E1, Cell Signaling Technology) and anti-FKBP5 (1:1000, BethylLaboratories, Montgomery, TX, USA).
Proliferation assays
[ 3 H]-thymidine incorporation assay was carried out as described previously (Hoefer et al. 2012) . For determination of population doublings, a defined number of cells were seeded in T25 flask. After 3-4 days, cells were counted and population doublings (PDL) were determined with the following formula: PDL = 3.32*(log10(Xe) − log10(Xb)) + S, where Xe = cell number at the end of the incubation time, Xb = cell number at the beginning of the incubation time and S = starting PDL. Linear regression was used to fit the lines on data points.
Cell migration and invasion assay
Migration assays were performed with Boyden chambers (HTS FluoroBlok Cell Culture Inserts, 8 µm pore size, Becton Dickinson) as described previously (Pasqualini et al. 2015) with the following modifications: PC3 and MDA PCa 2b cells were seeded at a density of 2.5 × 10 4 and 7.5 × 10 4 cells, respectively. Equal numbers of cells were seeded in Boyden chambers with FluoroBlok cell culture inserts in duplicates. For invasion, inserts were coated with 30 µL of a 1:3 dilution of matrigel (BD Matrigel Matrix).
A serum gradient of 1% vs 10% (for migration experiments) and 1% vs 30% (for invasion experiments) in the upper vs the lower membrane-separated chambers was used as chemoattractant. After 48 h (for migration experiments) or 72 h (for invasion experiments), cells were stained with Calcein-AM (Sigma-Aldrich; 1:10,000) and fluorescence images of the lower FluoroBlok membrane were taken using an Olympus IX70 microscope with a 4× objective. Determination of the number of migrated or invaded cells was performed using ImageJ software and normalized to the number of cells in a companion plate without the insert to correct for differences in proliferation.
Affymetrix gene expression microarray
Cells were seeded at a density of 4.0 × 10 5 in six-well plates and harvested after 48 h, when cells reached 90% confluency, in 350 µL RLT buffer from Qiagen's RNeasy Mini Kit for mRNA extraction with an on-column DNase digestion step. Subsequently, a GeneChip Human Gene 1.0 ST array (Affymetrix) was hybridized. Generation of the gene expression data set consisting of three biological replicates for each condition and preprocessing of the data set was performed as described previously (Bindreither et al. 2014) . Differential expression analysis was performed using the moderated t-test (Smyth 2004 ) and the resulting p-values adjusted for multiple testing using the method from Benjamini and Hochberg (p BH ) (Benjamini & Hochberg 1995) . Genes more than two-fold differentially expressed (|M| > 1) at a 5% false discovery rate (adjusted P-value < 0.05) were considered significantly differentially expressed. Raw and preprocessed gene expression data have been deposited at the Gene Expression Omnibus (GEO), accession number: GSE75531.
Analysis of AR ChIP-Seq data
Publicly available ChIP-Seq data from GEO database (GSE70679, GSE62442 and GSE65478) were analyzed for PRKD1 using the USCS browser. Bedtools was used to perform detailed analysis by calculating the coverage of aligned reads on 50 bp windows. ARE motifs in the AR ChIP-Seq peaks were predicted using the JASPAR 2016 server with the AR-binding matrix model MA0007.2 using a relative profile score threshold of 85% (Mathelier et al. 2015) . 
Immunohistochemistry
The use of archived samples derived from radical prostatectomy was approved by the Ethics Committee of the University Hospital and Medical Faculty of Palacky University in Olomouc and by the Ethics Committee of the Province of Salzburg, respectively. The staining of patients' samples was performed on a Discovery-XT staining device (Ventana, Tucson, AZ, USA). The histoscore (H-score) was used to semiquantitatively assess the staining considering percentage of positive cells (0-100%) multiplied by staining intensity (0-3), which results in a final H-score between 0 and 300 (Slabáková et al. 2015) . The nuclear NCOA1 and the cytoplasmic PRKD1 staining in luminal cells were considered for analysis. For antibody validation, the staining in appropriate control cell lines was assessed. The following antibodies were used: anti-NCOA1 (128E7, 1:100, Cell Signaling Technology), anti-AR (clone AR441, 1:25, Dako), anti-PRKD1 (sc-935, D-20, 1:200, Santa Cruz Biotechnology) and anti-PRKD1_hpa (HPA029834, 1:200, Sigma-Aldrich). Antigen retrieval was done with Cell Conditioning Solution 1 (CC1 from Roche) for NCOA1, AR and PRKD1 (Santa Cruz) and pH9.0 antigen retrieval (10 mM Tris/Cl pH 9.0, 1 mM EDTA, 0.05% Tween-20) for PRKD1_hpa (Sigma-Aldrich). All stainings were performed in a single machine run and evaluated by experienced pathologists in Olomouc (GK) and Salzburg (MH), respectively.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 and IBM SPSS Statistics 22 (IBM), respectively. Differences between the control and treatment groups were calculated using Mann-Whitney U test, one-way ANOVA and Student's t-test, respectively, as described in the figure legends. P-values < 0.05 were considered significant and encoded as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
Results
NCOA1 down-regulation reduces proliferation and AR transcriptional activity in human prostate cancer cells
NCOA1 mRNA and protein are expressed ubiquitously in all tested PCa cell lines at different levels. mRNA and protein levels within the same cell line did not necessarily correlate, showing that NCOA1 protein is prone to translational and/or post-translational regulation of expression ( Supplementary Fig. 1A and B, see section on supplementary data given at the end of this article). To study the effect of NCOA1 depletion in AR-positive versus AR-negative cells, we generated stable NCOA1 knockdown cell lines by lentiviral transduction of two shRNAs in MDA PCa 2b, LNCaP and PC3 cells (Fig. 1A) . NCOA1 is implicated in prostate tumor cell migration and invasion. (A) Boyden chamber assays were performed with PC3 and MDA PCa 2b cells. Migrated cells were determined using ImageJ and normalized to the cell number in a parallel well without the FluoroBlok cell culture insert to account for differences in proliferation through NCOA1 knockdown. Data show mean ± s.e.m., n = 3. (**P < 0.01; ***P < 0.001, t-test). Scale bar: 500 µm (B) As in (A), with additional coating of FluoroBlok cell culture inserts with a 1:3 dilution of matrigel and staining after 72 h. Data represent mean ± s.e.m., n > 4 (*P < 0.05; **P < 0.01; ***P < 0.001, t-test). Scale bar: 500 µm.
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To test the influence of NCOA1 down-regulation on cellular proliferation, we performed [ 3 H]-thymidine incorporation assays with MDA PCa 2b, LNCaP and PC3 cells. As shown in Fig. 1B , knockdown of NCOA1 markedly reduced the proliferation rate of MDA PCa 2b cells by 50-60% and that of LNCaP cells, although to a lesser extent. In contrast, proliferation of PC3 cells was not affected by NCOA1 depletion. This finding could be confirmed using population doubling, which revealed a significantly reduced proliferation of MDA PCa 2b shNCOA1#2 compared with shCTRL. This trend could also be observed in MDA PCa 2b shNCOA1#1 and both LNCaP knockdown cell lines. Concordant to the [ 3 H]-thymidine, PC3 cells were again not affected by NCOA1 knockdown (Fig. 1C) .
Next, we investigated whether NCOA1 depletion affects AR transcriptional activity and assessed the expression of two AR downstream targets PSA and FKBP5 by qRT-PCR and Western blotting. While there was no change in PSA mRNA expression upon NCOA1 knockdown in MDA PCa 2b cells, we could detect a significant decrease in FKBP5 mRNA expression (Fig. 1D) . Surprisingly, intracellular PSA protein levels were increased in NCOA1-depleted MDA PCa 2b cells (Supplementary Fig. 2A ) but did not result in changed PSA secretion ( Supplementary Fig. 2C ). FKBP5 is expressed at a low level in this cell line model ( Supplementary Fig. 2A ). In contrast, in NCOA1-depleted LNCaP cells, PSA mRNA and protein expression were reduced, as well as secreted PSA (Supplementary Fig. 2D ). FKBP5 levels were not altered on mRNA or on protein level (Fig. 1E and Supplementary  Fig. 2B) . In summary, this shows that the AR coactivator NCOA1 can influence AR target gene expression, but displays a high variability, depending on the cell line.
NCOA1 is involved in prostate cancer cell migration and invasion independently of the AR status
To test whether NCOA1 may be implicated in the process of metastasis formation in PCa, we performed Boyden chamber assays to investigate the migratory capacity in response to stable NCOA1 knockdown. Due to the low migratory capability of LNCaP cells, this experiment was performed only in MDA PCa 2b and PC3 cells. We found that in the absence of NCOA1, migration was significantly diminished in MDA PCa 2b cell lines, in particular in the shNCOA1#1 subline ( Fig. 2A left  panel) . In PC3 cells, NCOA1 depletion significantly attenuated cellular motility in both NCOA1 knockdown sublines ( Fig. 2A, right panel) . To account for the previously shown differences in proliferation rates (Fig. 1B and C) , counts of migrated cells were normalized to total cell number.
To test whether reduced migratory capacity upon NCOA1 knockdown may also result in reduced invasion, Boyden chambers coated with matrigel were used. In MDA PCa 2b cells, the effect of NCOA1 knockdown reduced invasiveness by approx. 40% (Fig. 2B, left panel) , while in PC3 cells, a significantly decreased invasion by 50% was detectable (Fig. 2B, right panel) . Taken together, these results indicate that NCOA1 plays an important role in the migratory and invasive behavior of PCa cells independently of the AR expression status.
Impact of NCOA1 knockdown on gene expression profile in MDA PCa 2b and PC3 cells
To identify a possible mechanism leading to decreased migration in MDA PCa 2b and PC3 cells after NCOA1 knockdown, we performed a cDNA microarray using the shCTRL and shNCOA1#2 sublines, respectively. As shown in Fig. 3A , NCOA1 knockdown has a more pronounced effect in MDA PCa 2b cells with 433 up-and downregulated genes and a minor impact on AR-negative PC3 cells in which 41 genes were regulated ( Supplementary  Tables 1 and 2 ). Only one gene, namely POF1B (premature ovarian failure, 1B), was commonly regulated in both MDA PCa 2b and PC3 cells.
Additionally, we performed Gene Ontology (GO) analysis to identify regulated genes, which are involved in cellular motility (Supplementary Fig. 3) . To verify the accuracy of the microarray results, mRNA expression of selected targets was analyzed by qRT-PCR in both NCOA1 depleted cell lines, shNCOA1#1 and shNCOA1#2 (Supplementary Fig. 4C ). Within the MDA PCa 2b set, we identified PRKD1 as a promising candidate, which was found earlier to be involved in the regulation of migration in other types of cancer (Jaggi et al. 2005 , Sundram et al. 2011 ) by modifying proteins involved in actin remodeling (Sundram et al. 2014 ) and was furthermore listed in significantly enriched biological processes (BP) ( Supplementary Fig. 3 , highlighted by black arrows). Up-regulation of PRKD1 mRNA and protein upon Data show mean ± s.e.m., n ≥ 4 (*P < 0.05; **P < 0.01; ***P < 0.001, t-test). Scale bar: 500 µm. (Fig. 3B, left panel) . In PC3 cells, no regulation of PRKD1 was evident and basal PRKD1 expression was very low (Fig. 3B, right  panel) . From these results, we concluded that PRKD1 is differentially regulated in MDA PCa 2b and PC3 cells upon NCOA1 knockdown. In conclusion, these results show that NCOA1 is likely to regulate migration in AR-positive and -negative cells, but may implicate more than one single molecular mechanism.
NCOA1 down-regulation was verified in qRT-PCR and Western blot experiments
PRKD1 is a negative regulator of cell migration
To further explore the functional role of PRKD1 as a possible suppressor of cell migration in MDA PCa 2b cells, we established stable PRKD1 knockdown sublines using two different artificial miRNA targeting PRKD1 (miR-A and miR-B, respectively) in both NCOA1-depleted MDA PCa 2b sublines. Down-regulation of PRKD1 expression was verified on protein level (Fig. 4A) . Boyden chamber assays were performed to clarify the functional role of PRKD1 in migration. Indeed, PRKD1 knockdown could significantly enhance the migratory potential of both MDA PCa 2b shNCOA1 sublines (Fig. 4B) . These findings confirm our initial hypothesis that a molecular mechanism leading to the reduced migratory potential in MDA PCa 2b cells upon NCOA1 knockdown involves PRKD1.
AR is a direct regulator of PRKD1 expression
On the basis of previous results, we speculated that PRKD1 expression is regulated by the AR/NCOA1 complex. Hence, to uncover the role of AR in regulating PRKD1, we analyzed previously published ChIP-Sequencing data, which indeed revealed AR-binding sites mostly in the first intron of the PRKD1 gene in several cell lines as well as in patient samples. Moreover, a detailed investigation of AR-binding sites identified in the LNCaP-AR dataset revealed that most of these sites are predicted to contain ARE motifs. (Stelloo et al. 2015 , Bu et al. 2016 (Supplementary Fig. 5 ). Moreover, treatment with the synthetic androgen R1881 increased AR binding on the PRKD1 gene in the majority of AR-binding sites, whereas addition of enzalutamide abolished this effect (Supplementary Fig. 5 ; Detail view LNCaP-AR). To assess a PRKD1 regulation by the AR signaling axis, we treated steroid-starved MDA PCa 2b, LNCaP and PC3 cells with increasing concentrations of R1881. MDA PCa 2b and LNCaP cells showed a dose-dependent decrease in PRKD1 mRNA (Fig. 5A ) and protein expression upon stimulation with 1 nM R1881 (Fig. 5B) , whereas AR-negative cells were not affected. Furthermore, androgen withdrawal (CSS) promoted increased PRKD1 expression when compared with normal cell culture conditions (FCS) .
To further analyze whether PRKD1 expression is directly regulated by the AR, we performed a time-course experiment upon stimulation with 1 nM R1881 in MDA PCa 2b and LNCaP cells. A decreased expression of PRKD1 was detectable after 8 h compared with vehicle treated cells, further suggesting that the AR is a direct regulator of the PRKD1 gene (Fig. 5C) .
Next, we asked whether enzalutamide, a clinically approved second-generation antiandrogen, may influence PRKD1 expression. Indeed, enzalutamide treatment was able to counteract the R1881-mediated down-regulation of PRKD1 in MDA PCa 2b and LNCaP, whereas PC3 cells were as expected unaffected (Fig. 5D) . Similarly, enzalutamide, at concentrations between 1 and 10 µM, was able to increase PRKD1 protein expression after treatment for 72 h (Fig. 5E) . Thus, PRKD1 is a gene negatively regulated by the AR and the AR/NCOA1 signaling axis directly down-regulates PRKD1 thereby affecting cellular migrative capacity.
NCOA1 and PRKD1 protein expression in human prostate cancer samples
In order to evaluate the expression of NCOA1 and PRKD1 in PCa patients, we performed immunohistochemistry (IHC) in two cohorts which included tumor-adjacent benign tissue, primary tumor samples and lymph node metastases (Fig. 6A ). Antibody specificity was tested with appropriate formalin-fixed, paraffin-embedded (FFPE)-cell lines ( Supplementary Fig. 7A ). A higher NCOA1 expression was found in malignant areas compared with adjacent benign tissue in both cohorts. In the Olomouc cohort, NCOA1 staining decreased in lymph node sections, which might be explained by a very low expression of the AR in these samples, which also shows a significant positive correlation with NCOA1 staining (Supplementary Fig. 7C , D and E). However, in the Salzburg cohort, an opposite trend was observed (Fig. 6B) . Differences between the two cohorts were observed also with regard to PRKD1 expression. Decreased PRKD1 expression was noted in lymph nodes in the Olomouc cohort, whereas lower PRKD1 expression was detected in primary tumors, but not in lymph node metastases in the Salzburg cohort (Fig. 6C) . To verify the PRKD1 staining, we used an additional PRKD1 antibody (PRKD1_hpa) and repeated the IHC staining with the Olomouc cohort which revealed similar results ( Supplementary Fig. 7B ). Thus, we can show that NCOA1 is increasingly expressed in cancerous tissues compared with adjacent benign areas. With regard to the PRKD1 expression in the two cohorts, no definitive conclusion can be drawn and further analysis in bigger cohorts is warranted.
Discussion
Although novel therapies, i.e. inhibitors of androgen signaling and antiandrogens, have been introduced for castration-resistant PCa patients, responses are very heterogeneous and their impact on overall survival is limited. In order to further refine therapy, novel targets should be considered and mechanisms involved in cancer progression analyzed. In this study, we primarily aimed to test the effect of AR coactivator NCOA1 knockdown on migration and invasion as well as on regulation of target genes.
NCOA1 regulates various cell migration pathways
The ability of cells to migrate is an important step to spread to other organs. We demonstrated that one of the molecular mechanisms leading to decreased migratory capacity upon NCOA1 knockdown is mediated by PRKD1. According to literature, PRKD1 was found to negatively regulate proliferation and cell migration in various tumors, such as breast cancer (Eiseler et al. 2009 ) and PCa . Moreover, Jaggi and coworkers could show that PRKD1 overexpression in prostate cancer cells leads to decreased cellular motility (Jaggi et al. 2005) . In addition, in colon cancer, PRKD1 overexpression negatively influenced motility partly by inhibiting the activity of cofilin (Sundram et al. 2014) . However, PRKD1 was not regulated by NCOA1 in the AR-negative PC3, a cell line known to have high migratory and invasive capability (Santer et al. 2011) . The low expression of PRKD1 in PC3 compared with AR-positive cell lines may be the explanation for its high motility. Epigenetic silencing of the PRKD1 promoter in PC3 cells could be a reason for the low expression, which was also shown for highly invasive breast cancer cell lines (Borges et al. 2013 ). An inhibitory effect of PRKD1 on cellular proliferation could be explained by stimulation of secretion of matrix metalloproteinases-2 and -9 .
As a second point of interest, we aimed to explain the impaired migration of PC3 cells upon NCOA1 knockdown. On the basis of our cDNA microarray results as well as of GO analysis, we found two potential target genes which are known to affect migration, namely phospholipase A2 group7 (PLA2G7) (Vainio et al. 2011) and eukaryotic translation initiation factor 5A2 (EIF5A2) (Tang et al. 2010) (Table 1) . We could verify the microarray data by qRT-PCR in both NCOA1-depleted PC3 cell lines. This could be a reasonable explanation for the reduced migration observed in PC3 cells (Supplementary Fig. 6 ). In conclusion, these results show that NCOA1 is likely to regulate migration independently of the AR. Vainio and coworkers (2011) already demonstrated a prominent role of PLA2G7 in stimulation of PCa cell migration. Moreover, it has been shown that overexpression of EIF5A2 promotes metastasis in hepatocellular carcinoma (Tang et al. 2010) . Collectively, our data show that NCOA1 is implicated in the modulation of migration and invasion in PCa. During the preparation of this manuscript, Crespi and coworkers (2015) have identified POF1B as a regulator of cell adhesion in human intestinal and keratinocyte cell lines. Hence, this protein, which was significantly up-regulated in MDA PCa 2b and PC3 cells upon NCOA1 knockdown, may be one of the proteins regulating migration in PCa cells as well and might be worth to be analyzed in more detail in the future.
Differential AR/NCOA1-regulated gene expression
On the basis of our results showing an increase in PRKD1 levels after down-regulation of NCOA1, we hypothesized that AR might be a direct regulator of PRKD1. Indeed, ChIP-Seq data set analysis revealed AR binding in several cell lines and patients samples. Moreover, the majority of AR-binding sites showed an increase in AR binding upon activation with R1881 that could be abolished by the addition of enzalutamide. Thus, AR acts as a repressor on the PRKD1 promoter. While AR is usually known to be an activator of gene expression, it may also negatively regulate transcription. For instance, the embryonic stem cell regulator Sox2 and the regulatory subunit of the phosphatidylinositol 3-kinase R1 are repressed by androgenic hormones (Kregel et al. 2013 , Munkley et al. 2015 .
We have also assessed the role of NCOA1 in regulation of selected AR downstream target genes. PSA expression showed a decline in mRNA and protein level after NCOA1 depletion in LNCaP cells which is in line with results from Agoulnik and coworkers (2005) . Another known direct target of the AR is FKBP5, which did not show an altered expression in mRNA or protein level in NCOA1-depleted LNCaP cells, which might be explained by the fact that another coactivator instead of NCOA1 is recruited by the AR for this target gene. On the other hand, in MDA PCa 2b cells, PSA mRNA and secreted levels were not altered upon NCOA1 knockdown, although we could see an increase in intracellular protein level. MDA PCa 2b cells already have an approximately 250-fold higher secreted PSA level compared with LAPC4 cells cultured under normal conditions (Denmeade et al. 2003) . This suggests that PSA expression might be deregulated in this castration-resistant cell line. One reason for the increase in intracellular PSA upon NCOA1 knockdown could be a deregulation in the secretory pathway. Therefore, we conclude that AR target genes are differentially regulated in androgen-dependent LNCaP and castration-resistant MDA PCa 2b cell lines.
NCOA1 as a potential therapeutic target
We found that NCOA1 knockdown leads to decreased proliferation in AR-positive cell lines. This confirms findings from Agoulnik and coworkers (2005) who showed decreased proliferation after a transient NCOA1 knockdown in the castration-resistant LNCaP derivative C4-2, while AR-negative PC3 and Du145 were unaffected. This corroborates NCOA1 as a potential therapeutic target for PCa as an alternative approach after ADT failure. On the basis of those and our results, we conclude that androgen-sensitive prostate cancer cells may be more efficiently targeted compared with cells that do not express AR. Santer and coworkers (2011) have already shown that knocking down another prominent coactivator, p300, decreases proliferation not only in androgen-sensitive LNCaP but also in androgen-insensitive PC3 cells. Taken together, this and previous publications (Agoulnik et al. 2005) show that cellular functions are affected in a larger number of models after knockdown of p300 compared with knockdown of NCOA1. However, development of specific experimental drugs could provide a definitive answer if there is a benefit by inhibiting both coactivators. For NCOA1, a small molecule inhibitor, gossypol, is available but has its limitations. It was reported that gossypol decreases not only NCOA1 but also NCOA3 protein levels (Wang et al. 2011) , and that it may also work as an inhibitor of the antiapoptotic proteins Bcl2/BclXL (Meng et al. 2008) . Furthermore, it causes serious side effects (Coutinho 2002) , and the majority of double-knockout NCOA1 −/− /NCOA3 −/− mouse embryos died by embryonic day 13.5 . Thus, targeting both coactivators simultaneously may not necessarily provide therapeutic benefit. Additionally, NCOA1 has an important role in promoting metastasis, which was shown in genetically engineered breast cancer mouse models by Wang and coworkers (2009) . Moreover, it was found that the disruption of the NCOA1 gene in mice resulted in a partial hormone resistance (Xu 1998 ) and that an increased NCOA1 level is significantly associated with recurrence in aromatase inhibitor (AI)-treated breast cancer patients (McBryan et al. 2012) .
In an attempt to develop novel NCOA1 targeting drugs, Nakka and coworkers (2013) established a new approach by inhibiting the p160 coactivator interface in the aminoterminal end of the AR with specifically designed peptides, which mimic the glutamine-rich region of the p160 coactivators. However, those peptides could not diminish cell growth of AR-negative cell lines and are not specific for NCOA1-AR interaction. Thus, more research work needs to be done to demonstrate the usefulness of NCOA1 targeted therapy to suppress tumor growth or, as demonstrated here, processes that regulate formation of metastases.
In terms of therapeutic targeting NCOA1, one should keep in mind that carboxy-terminal-truncated AR proteins that occur as a result of aberrant splicing are frequently found in patients who experienced ADT failure and developed a castration-resistant state (Mostaghel & Plymate 2011) . These constitutively active AR, such as the AR-V7 that is expressed, e.g. in VCaP cells, are devoid of carboxy-terminal LBD. In such a case, it seems justified to target an AR coactivator such as NCOA1 that interacts particularly with the amino-terminus of the AR. Moreover, also in patients with AR mutations in the LBD, gained during the transition from androgen-dependent to castration-resistant stage, NCOA1 would be a reasonable target due to the fact that it binds to the amino-terminus of the AR and, therefore, the binding/coactivation is independent of mutations in the LBD. However, modulation of NCOA1 expression may have implications on glucocorticoid receptor (GR) activity since GR can be activated by AR inactivation to drive expression of AR-responsive genes (Arora et al. 2013) . Further studies may answer the question whether knockdown of NCOA1 is compensated by other GR regulatory proteins.
Variability in NCOA1 and PRKD1 expression in patients' specimens
Finally, we have examined the expression of NCOA1 and PRKD1 in tumor-adjacent benign, primary and metastatic lymph node samples of PCa patients. Although we were able to include a limited number of lymph node metastases (16 and 20 cases per cohort, respectively) obtained during radical prostatectomy in the immunohistochemical analysis, a definitive conclusion in terms of the tumorsuppressive role of PRKD1 could not be drawn at this stage. We may only speculate on the reasons of these contradictory findings between the two cohorts, but can exclude the following biases: all samples were obtained during radical prostatectomy of treatment-naïve patients. Nonspecific staining of the PRKD1 antibody can be ruled out, because two validated PRKD1 antibodies from two companies were used leading to similar results. Additionally, the antibody specificity was controlled on adequate FFPE cell lines. Stainings with the NCOA1 antibody confirm previous results of Agoulnik and coworkers showing higher NCOA1 levels in malignant areas compared with the matched benign tissue (Agoulnik et al. 2005) . While Agoulnik and coworkers could show an increased NCOA1 expression in metastatic tissue samples, we detected a decreased NCOA1 expression in lymph node samples in the Olomouc cohort which may be explained by low AR expression in consecutive sections of the samples. However, in the Salzburg cohort, NCOA1 expression was up-regulated in metastatic patient material compared with cancerous areas which is in line with published data by Agoulnik and coworkers. The decline in expression of PRKD1 was observed only in primary tumors in the Salzburg cohort. It is worthwhile to mention that Du and coworkers (2010) compared PRKD1 microarray data between two patients' populations and noted statistically significant decrease only in one of those groups. More definitive conclusions may be drawn on larger, multicenter patient cohorts with specimens from treatment-naïve patients and patients undergoing or resistant to endocrine therapy. Unfortunately, access to these latter samples is quite limited. In consideration of heterogeneity of human PCa, we propose that a subset of patients might benefit from anti-NCOA1 therapies and identification of these patients will require optimization of diagnostic laboratory procedures.
In summary, we demonstrate for the first time that the AR/NCOA1 complex stimulates migration of PCa cells through suppression of PRKD1. Mechanistically, our in vitro data extend the knowledge on NCOA1 as a therapy target and PRKD1 as a suppressor of processes leading to metastasis formation.
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